Purpose Our aim was the development of a safe sperm cryopreservation New Media (NM), composed of consistent and reproducible components devoid of any animal origin, and evaluation of NM in terms of its effect on sperm structure and function as compared to regularly used yolk media (TYM) (Irvine Scientific). Methods We evaluated patient semen samples and cryopreserved them in duplicates in either NM or TYM. The samples were cryopreserved for either a short term of 1 week or long term of 1 month prior to thawing. The parameters investigated include sperm motility via computer-assisted semen analysis (CASA), sperm concentration, and sperm biomarkers that promote paternal contribution of spermatozoa to fertilization including hyaluronic acid binding, chromatin maturity, apoptotic markers, cytoplasmic retention, and sperm DNA integrity. Results As compared to TYM, NM was equally capable of sperm cryopreservation with both short-term and long-term storage in media, and after freeze-thaw and gradient processing of sperm. HA binding of sperm was comparable post thaw in both NM and yolk media. There are also no differences observed between the samples cryopreserved in NM or TYM in terms of their aniline blue staining, CK immunocytochemistry, caspase 3 immunostaining, or DNA nick translation. Conclusions NM has the advantage of being xeno-free, yet in preservation of sperm motility and other sperm attributes, the NM is as effective as the TYM.
Introduction
In 1953 at the University of Iowa, a milestone event occurred in fertility medicine, as the first case of a live birth to a female fertilized with cryopreserved and thawed spermatozoa was reported [1] . Since then, a new field in male infertility medicine called sperm banking was initiated. Over the years there has been a growing need and use of sperm banks to provide a source of sperm for infertile men with poor semen parameters. In addition, the increased incidence and prevalence of testicular and other cancers highlighted the need for sperm cryopreservation. Testicular cancer is the most common malignancy in the age group between 25-and 29-year-old males (19.4% incidence) , and between 30-and 34-year-old males (19.6%). Testicular cancer patients have an excellent prognosis with treatment. Although male cancer survivors can become parents through other options such as adoption or semen donation [2] , most individuals prefer to have their own biological offspring [3] [4] [5] .
The maintenance of fertility after cancer treatment is variable and usually depends on the type of chemotherapy or radiation therapy used, the size of the radiation field, dose intensity, method of treatment administration, age of patient, and pretreatment fertility [6, 7] . The measurable effects of chemotherapy or radiation therapy applied include compromised spermatozoa concentration, motility, morphology, and/or DNA integrity. There are clear advantages to sperm cryopreservation prior to cancer treatment initiation as there is a viable option for reproduction even after years of sperm storage [8] . Sperm cryopreservation provides a link that connects sperm donors to infertility patients and cancer patients.
The main component of the original cryopreservation media was glycerol, a cryo-protectant most widely used for human semen preservation following processing as defined by Sherman [9] . The glycerol was later replaced by egg yolk citrate media (initially used widely as semen extender for cattle) [9] and egg yolk [10, 11] for human sperm cryopreservation. The common extender, egg yolk, acts as an excellent reservoir of phospholipids and cholesterol allowing adequate replenishment of lipids lost from the sperm during the freezethaw process [10] . The composition of egg yolk and BSA as cryoprotectants has potential risks of harboring infectious animal diseases. Such a contamination could result in avian influenza [12] and bovine spongiform encephalopathy [13] . In addition, animal components such as BSA and egg yolk are not of standard composition leading to inherent variations. Thus, the use of media containing no animal products would be advantageous due to the reliability of composition and the absence of potential morbidity.
The New Media (NM) is chemically defined and yields reproducible results in cryopreservation and thawing. This allows for reduction in variability of quality of preservation media and provides a more favorable outcome for sperm recovery, as determined by concentration, motility, and DNA integrity. Media containing animal products may cause infections such as salmonella from egg yolk or prions in bovine albumin with the danger of mad cow disease. The components of the NM are reproducible and are similar to those described in the 1983 by Mahadevan and Trounson, containing cations, glycerol, sucrose, glucose, and lipids, where the lipids are contributed as mixture of cholesterol and other lipids essential to the proper function of the cell membranes [14] .
To evaluate the new media for its effect on sperm structure and function, we followed the conventional semen parameters and sperm biochemical markers used to determine adequate sperm fertilization capacity as compared to conventional control media. We hypothesize that sperm survival and functional preservation will be equal in both media types providing an animal product-free media with equivalent cryopreservation potential. The objective of this study is to determine the effects of a new media devoid of risk of animal components as compared to control media containing egg yolk, with a focus on preservation of sperm motility, sperm hyaluronic acid binding, and sperm biomarkers that promote paternal contribution of spermatozoa.
Materials and methods
Control total yolk media (TYM) Irvine Scientific Freezing Media with 12% v/v glycerol, 20% ultra-filtered egg yolk, and 10 μg/mL gentamicin sulfate.
New media (NM) Sodium chloride (100 mM), potassium chloride (5.4 mM), calcium chloride (2.7 mM), magnesium chloride (0.5 mM), sodium lactate (12.8 mM), sodium dihydrogen phosphate (0.32 mM), sodium hydrogen carbonate (31 mM), Hepes (20 mM), sucrose (50 mM), glycine (13.2 mM), glucose (5.51 mM), glycerol (15% v/v), lipids.
Semen collection Research participants were recruited from the Yale Sperm Physiology Laboratory. The sperm sample donors were patient population referred for semen analysis potentially requiring infertility treatment. The samples were produced by masturbation. The semen samples were collected in four sample sets originated in 9, 13, 11, and 18 patients (Fig. 1) . The samples used were de-identified. Studies were approved by the Yale School of Medicine IRB.
Sperm freezing Semen was diluted with room temperature cryopreservation media within 1 h of liquefaction. Approximately 0.1 mL of semen was used for evaluation of sperm concentration, percent motility, and morphological analysis via computer-assisted semen analysis (CASA). Following the determination of sperm concentration and motility with CASA, the sperm samples were mixed either with NM or with the control ultra-filtered egg yolk media (Irvine Scientific) in a ratio of 1:1 and placed in cryopreservation vials. The vials were then held for 20 min in liquid nitrogen vapor and subsequently plunged into liquid nitrogen. Each semen sample set was cryopreserved in duplicate for short term (1 week) and long term (1 month) in TYM. Similarly, each semen sample set was also cryopreserved in NM for short and long term. The samples were also evaluated with respect to sperm motility before and after the cryopreservation and freeze\thaw process.
Sperm thawing
The cryopreserved duplicate vials were warmed up in 37°C water bath for 10 min and analyzed via CASA. Aliquots were also used for analysis of sperm morphology and sperm biomarkers including hyaluronic acid (HA) binding, chromatin maturity (aniline blue staining), apoptotic markers (caspase 3 immunocytochemistry), cytoplasmic retention and sperm developmental arrest (creatine kinase immunohistochemistry), and sperm DNA integrity (DNA nick translation). The samples allowed a comparison of NM and total egg yolk media (TYM) in terms of sperm motility and other biological markers. DNA integrity was assessed via HA binding score, which represents sperm zona pellucida binding.
Sperm concentration and motility A CASA instrument (IVOS, Hamilton-Thorne Research, Beverly, MA) was used to determine sperm motility. After mixing the samples, 7 μL of semen was placed in a 10-μM Makler chamber. Four microscopic fields, originating in two drops of semen, were evaluated at 36.5°C. The CASA settings were as follows: 30 frames per second acquired at 60 Hz; minimum cell size, 2.0 pixels; non-motile sperm; head size cutoff, 3.0 pixels; low VAP and low VSL cutoff, 5.0 μm/s.
Sperm biomarkers Before and after the cryopreservation process in both media, sperm smears were studied for cytoplasmic retention with creatine kinase immunostaining for persistent histones, chromatin integrity with aniline blue staining, and for DNA degradation by DNA nick translation [15] [16] [17] . Following determination of sperm motility (CASA) and HA binding score with the sperm-HBA Makler test chamber (Origio MidAtlantic Devices, Mt Laurel, NJ), the semen was combined 1:1 with NM or the control ultrafiltered TYM. The duplicate vials were cryopreserved for short term (1 week) and long term (1 month) storage by exposure first to liquid nitrogen (LN) vapor for 20 min, followed by LN immersion. The samples were thawed rapidly at 36°C. Sperm motility in thawed semen-cryopreservation media mixture was assessed after time periods of 1 and 4 h. Another aliquot of both the NM and total egg yolk media and sperm mixtures were subjected to an in vitro fertilization sperm preparation protocol by gradient fractionation (45%/85% isolate gradient, centrifugation at 500×g, 18 min, at room temperature). Following resuspension, sperm motility was determined after 1 and 4 h. Post-thaw assessment of the sperm biomarkers: sperm HA binding, sperm cytoplasmic retention by CK immunohistochemistry, chromatin maturity by aniline blue, apoptotic process by caspase 3 staining, and the degree of DNA chain fragmentation by DNA nick translation were also determined. The sperm staining patterns were graded as Fig. 1 The experimental design illustrates the assessment of sperm samples obtained from Yale Sperm Physiology Laboratory. Samples were collected in four sets (9, 13, 11, and 18) in duplicates. The sperm samples were first evaluated post liquefaction using computer-assisted semen analysis (CASA) for sperm motility, concentration, motility, and morphology. The samples were then diluted 1:1 in new media and subjected to freezing using liquid nitrogen vapor for 20 min followed by liquid nitrogen immersion. The samples were frozen for either short term (1 week) or long term (1 month) and then thawed at 37°C for 10 min.
Sample smears were used to evaluate sperm biomarkers via aniline blue staining, creatine kinase immunohistochemistry, hyaluronic acid binding, and DNA nick translation. Sample sets 11 and 18 were used to determine post thaw sperm motility and concentration at 0 min, 1 h, and 4 h post thaw. The sample sets 11 and 18 were also subjected to gradient fractionation protocol similar to the one used for in vitro fertilization procedure. The samples were then evaluated for sperm motility and concentration at 0 min, 1 h, and 4 h post gradient. Data for sample set 11 is shown for all experiments Blight^(normal) and Bdark^(arrested development and increased DNA chain fragmentation).
CK immunohistochemistry
The procedures used were described previously [18, 19] . After centrifugation at 500×g, the sperm pellet was resuspended and drops of the washed sperm were applied to polylysine-coated glass slides and fixed with 3.7% paraformaldehyde in phosphate buffer/sucrose (PB-suc) for 20 min at room temperature. The slides were then allowed to air dry. After three washing steps in PB-suc, the spermatozoa were exposed to a 3% bovine serum albumin solution in PB-suc at room temperature. After further washing, the sperm were overlaid with a 1:1000 dilution of polyclonal anti-CKB antiserum (Chemicon Co, Temecula, CA). Following further PB-suc washes, the slides were treated with biotinylated second antibody at 1:1000 dilution and were exposed to a Vector horseradish peroxidase/ABC (avidin-biotin-complex, Vector Laboratories, Burlingame, CA) according to the manufacturer's instructions. The ABC treated slides were further processed with diaminobenzidine and hydrogen peroxide (Sigma, St. Louis, MO). The developed brown color highlights sperm with various degrees of cytoplasmic retention. The specificity of the CK staining was established by using pre-immune serum in place of the first antibody or by applying the second antibody only. The data were quantified by the density of the immunocytochemistry (representing cytoplasmic retention). The staining patterns were designated as L (light) and D (dark), which indicate the respective staining intensities. This system was also used in the evaluation of persistent histones (aniline blue), DNA fragmentation, and chromatin maturity. Apoptosis was evaluated using a caspase immunostaining. The staining designations were light and dark.
Aniline blue staining of sperm chromatin Sperm samples were smeared on polylysine-coated slides, air-dried, and fixed for 30 min in 3% glutaraldehyde (Merck, Darmstadt, Germany). Slides were stained for 7 min in acid aniline blue pH 3.5 (Riedl de Haen, Seelze, Germany), washed in 100 mM PBS pH 7.2, and carefully dried with filter paper. Examination was performed under oil at a magnification of ×1000 with Leitz Ortho-plan microscope (Leitz, Germany). Spermatozoa (n = 400) were evaluated and classified using the following criteria: unstained (0 = mature nucleus), weakly stained, and strongly stained. The latter patterns (weakly and strongly stained) were regarded as sperm forms of retarded chromatin maturity. Sperm smears were dried on glass and stained with a 5% aniline blue solution acidified to approximately pH 3.5 with acetic acid. The slides were washed and air-dried and a cover slip was applied before evaluation. Due to persistent histones, sperm with immature chromatin were stained to various intensities of blue [20] [21] [22] [23] .
Assessment of DNA integrity by nick translation All steps were carried out at room temperature. The procedure was adapted from Irvine Scientific [16] . Briefly, slides were fixed for 15 min with methanol-acetic acid (3:1) and dehydrated through an ethanol series of 70, 80, and 100%. After air-drying, the slides were treated with 10 mM DTT (Sigma) in 10 mM Tris-HCl (pH 8.0) for 30 min. Subsequently, the slides were exposed to 10 mM lithium diiodosalicylic acid in 10 mM Tris-HCl for 1 h. In order to block any endogenous biotin/ avidin binding sites within sperm, the slides were subjected first to biotin and then to avidin solutions in phosphatebuffered saline for 20 min. In situ nick translation was performed with the DNA polymerase I (Boehringer Mannheim, Biochemical, Indianapolis, IN). The slides were flooded with a DNA polymerase cocktail containing biotin 16-dUTP, a mixture of dGTP, dCTP, dATP, and 0.025 U/mL DNA polymerase I, for 30 min. The incorporation of biotin-labeled nucleotides was detected by the avidin-biotin horseradish peroxidase method. In further steps, the slides were treated with an ABC kit (Vector Laboratories). Finally, diaminobenzidine was used for the color development [24] . Prior to counterstaining with 0.1% Coomassie Blue, the slides were air-dried and mounted with Permount. All reagents were from the Sigma Chemical Company.
In each phase-contrast image, two different investigators in a blinded manner scored sperm shape according to TygerbergKruger criteria [25] . Subsequently, the results were averaged for each of the sperm nuclei categories. Sperm head shape, neck midpiece, and tail were evaluated. Sperm that were considered Kruger normal morphology displayed oval-shaped heads, symmetrical tail insertions, and no visible indications of neck or midpiece shape defects.
Statistical analysis In order to compare the sperm concentrations, motilities, shape attributes, and various darkness factors before and after cryopreservation, we used the computerbased SigmaStat program to perform paired t test analysis on normally distributed data and Wilcoxon signed rank test on data that was not normally distributed (SigmaStat version 2.0; Jandel Scientific Corporation, San Rafael, CA). In testing the various correlations, we used the Pearson correlation analysis of the SigmaStat program. All data are presented as mean ± SEM. Level of significance was selected as p ≤ 0.5.
Results
A sample set of N = 11 was studied post-cryopreservation in duplicates in TYM or NM for short term (1 week) and long term (1 month). Sperm motility was assessed after the samples were frozen and thawed in NM and TYM media and after gradient centrifugation processing. There was a slight reduction in sperm motility due to the NM and TYM alone (post thaw 0 min) (Fig. 2) . The reduction in motility, however, was comparable between the two media types after both short-and long-term cryopreservation. Motility was also assessed via CASA at 1 h post thaw and 4 h post thaw in the NM and TYM. There was a decline observed in post-thaw motility; however, this decline was not different between NM and TYM. In comparison to TYM, a slight decline in sperm motility was noticed at 1 and 4 h post thaw when using NM, especially in the long-term incubation (Fig. 2b) . This decline was however, recovered post gradient. Sperm motility was evaluated further by repeating the study in another sample sets of 18 samples (total N = 29). The data obtained was similar to the one represented in Fig. 2 . The four sample sets showed no statistically significant difference in sperm motility between the NM and TYM, especially at 4 h post gradient. Furthermore, the entire experiment series was repeated for determination of sperm concentration as affected by NM and TYM in all four sample sets (Fig. 3) . Sperm concentrations declined both post thaw and post gradient with both shortterm and long-term incubation. However, the changes were comparable, and no statistically significant differences were detected between the two media.
The sperm samples were further analyzed for sperm aniline blue staining, creatine kinase immunocytochemistry, caspase 3 immunocytochemistry, and DNA nick translation. Aniline blue staining of sperm detects persistent histones in spermatozoa representing arrest in chromatin maturity [26] . An increased histone content indicates a decreased amount of intermediate protein and protamine. This affects the folding ability of DNA and the sensitivity of DNA chains for oxidative degradation. In order to confirm the data, the proportion of the spermatozoa stained light or dark was determined (Fig. 4) . The freezing process lead to a decline in dark staining spermatozoa likely due to a lack of survival of dark underdeveloped spermatozoa post the cryopreservation and freeze/thaw process. The average percentage of dark sperm cells in all the samples before cryopreservation was 17%, which decreased to 4% after cryopreservation in both types of media. The NM sample set showed slightly improved results in the fertilizing capacity of the cryopreserved sperm after the short-term incubation in media. Using NM media for long-term cryopreservation, a decline in the dark cells occurred in both media samples (17% before cryopreservation/thawing process and 4.1% (NM) and 5.8% (TYM) after). The light stained sperm, Fig. 2 Comparison of the effects of incubation in NM and TYM media on sperm motility post thaw and cryopreservation media for short term (1 week) or long term (1 month) post gradient (p value <0.05), N = 11. a Sperm motility with short-term incubation. b Sperm motility with longterm incubation however, increased in percentage from 76.1% before cryopreservation/thawing process to 90.4% (NM) and 87.5% (TYM) after. The NM media is somewhat better in preserving the fertilizing capacity of the frozen sperm than TYM (Fig. 3a) . A comparison of the samples from both media types illustrated no significant difference between the percentage of aniline blue light staining sperm cells in NM and TYM after short-term or long-term cryopreservation.
Subsequently, the samples were analyzed for creatinine kinase immunocytochemistry to demonstrate the sperm cytoplasmic retention. A decline in the dark cells was observed in both NM and TYM with short-term cryopreservation from 19.7% ± 0.2 before cryopreservation/thawing to 8.3% ± 1.10 (NM) and 11.2% ± 0.69 (TYM) after. The light mature sperm, however, increased in percentage from 67.4% ± 0.20 before cryopreservation/thawing to 84.7% ± 1.10 (NM) and 80.1% ± 0.69 (TYM) after (Fig. 4a) . Long term cryopreservation analysis of the samples with CK immunocytochemistry illustrated a decline in the dark staining sperm in both media types from 19.7% ± 0.2 before cryopreservation/thawing to 7.2% ± 1.18 (NM) and 11.0% ± 0.61 (TYM) after. The light mature sperm, however, increased in percentage from 67.4% ± 0.20 before cryopreservation/thawing to 86.1% ± 1.18 (NM1) and 81.6% ± 0.61 (TYM) after in the long-term cryopreserved samples (Fig. 4b) . When the effects of long-term and shortterm cryopreservation using NM was investigated, the proportion of CK immunohistochemistry light staining sperm cells showed an increase post thaw, which was comparable or higher to TYM (Fig. 5) .
HA binding of the sperm samples was assessed to determine the sperm maturity and functionality in zona pellucida binding. Figure 6 shows the HA binding capacity of spermatozoa in the NM or TYM after long-term or short-term cryopreservation. HA binding in both media increased post thaw; however, there was no difference between the NM media and TYM. This was apparent in all four sample sets. A comparison of all four sample sets from both media types demonstrated that there is no significant difference between the HA binding capacity of NM and TYM after short-term (p = 0.23) or longterm (p = 0.38) cryopreservation.
Furthermore, the sperm samples were analyzed for apoptosis (caspase 3 immunocytochemistry) to indicate the caspase activity and sperm cell survival pre-and post-processing. Cryopreservation did not affect the apoptosis since the dark and light sperm percentage was similar before and after freezing in both media types. Caspase 3 immunocytochemistry represents the apoptotic process. The proportion of dark staining sperm represents the spermatozoa with ongoing apoptotic process. The NM samples after short-term cryopreservation showed an increase in dark cells in both media from 9.6% ± 0.87 before cryopreservation/thawing to 15.4% ± 0.64 (NM) and 15.1% ± 0.81 (TYM) after. The light mature sperm, however, decreased in percentage from 90.4% ± 0.87 before cryopreservation/thawing to 84.6% ± 0.64 (NM) and 85.0% ± 0.81 (TYM) after in the short-term cryopreserved samples (Fig. 7a) .
Long-term analysis of the samples with caspase 3 immunocytochemistry also illustrated an increase in the dark staining sperm in both media types from 9.6% ± 0.87 before cryopreservation/ thawing to 14.1% ± 0.84 (NM1) and 13.5% ± 0.97 (TYM) after (Fig. 7b) . The light mature sperm, however, decreased in percentage from 90.4% ± 0.87 before cryopreservation/thawing to 85.0% ± 0.84 (NM1) and 85.9% ± 0.97 (TYM) after in the long-term cryopreserved samples.
Moreover, the samples were analyzed for DNA nick translation. DNA degradation causes a declined fertilization rate and also an increased likelihood of spontaneous abortion may occur. Cryopreservation decreases DNA integrity since the freezing process denatures DNA via unwinding it and lending it vulnerable to degradation. This biomarker is a substantial indicator of paternal sperm contribution and early embryo support via DNA integrity. The data obtained from our studies showed a decline in light staining sperm cells and an increase in the dark staining sperm cells. This indicates a decrease in the sperm that exhibited high DNA integrity from 48 to 17%. The data, however, was similar between the two types of cryopreservation media in long-or short-term independent of the duration of freeze (Fig. 8) . The samples were analyzed for DNA nick translation to indicate sperm DNA integrity. An increase in the dark cells was observed in both NM and TYM with short-term cryopreservation from 18.4% ± 0.97 before cryopreservation/thawing to 49.2% ± 1.28 (NM) and 50.1% ± 1.07 (TYM) after. The light mature sperm, however, decreased in percentage from 46.18% ± 0.73 before cryopreservation\thawing to 12.5% ± 0.76 (NM) and 13.1% ± 0.73 (TYM) after (Fig. 8a) . Longterm analysis of the samples with DNA nick translation illustrated an increase in the dark staining sperm in both media types from 18.4% ± 0.97 before cryopreservation\thawing to 50.0% ± 0.50 (NM) and 45.8% ± 1.00 (TYM) after (Fig. 8b) . The light mature sperm, however, decreased in percentage from 46.2% ± 0.73 before cryopreservation\thawing to 14.6% ± 0.60 (NM) and 15.1% ± 0.54 (TYM) after in the long-term cryopreserved samples.
Discussion
Sperm cryopreservation is an important technique that allows extended use of sperm. Aside from patients seeking assisted reproduction, patients with testicular cancers or other nonmalignant and autoimmune diseases can benefit from the cryopreservation of sperm prior to therapeutic interventions [27, 28] . The process of cryopreservation requires the sperm to be cooled, frozen, and thawed, which can lead to sperm damage [29] . Due to the high fluidity of sperm cell membrane and low water content, sperm cells are less susceptible to damage by freeze-thaw procedure compared to other cells types.
The mechanism of sperm damage is multifactorial and involves primarily oxidative stress, dehydration, osmotic stress, cold shock, as well as intracellular crystal formation [30] [31] [32] [33] . These stressors can lead to sperm DNA fragmentation and single stranded DNA breaks. In addition, the freezing damage can lead to changed membrane lipid composition, acrosomal damage, and reduced sperm motility [34] [35] [36] [37] [38] [39] . It has been also established that only about 50% of sperm in an ejaculate can survive post-thaw [40, 41] . The altered antioxidant defense mechanisms and the creation of reactive oxygen species via osmotic and cold stress lead to disruption of the mitochondrial and plasma membranes as well as chromosomal damage leading to detrimental effects of sperm capacitation, acrosomal reaction, and binding to the zona pellucida [42, 43] .
Furthermore, cryopreservation reduces the rate of lipid peroxidation in human sperm caused in part by the loss of superoxide dismutase activity as a result of the freeze/thaw process. This results in the loss of essential components such as phosphatidylcholine and phosphatidylethanolamine, and to a lesser extent polyunsaturated lipid vesicles from the spermatic membrane [44, 45] . The fertilization and pregnancy rate with frozen/thawed spermatozoa are significantly lower than the spermatozoa from fresh human ejaculates due to a loss of sperm motility, viability, mitochondrial function, premature acrosomal reaction, ultra-structural changes, and increased DNA damage [10] . The sperm cell membrane glycocalyx is r e s p o n s i b l e f o r i o n t r a n s p o r t a n d m e t a b o l i s m , immunoprotection, acrosomal reaction, and early gamete interaction. Cryopreservation can have deleterious effects on the membrane glyocalyx [46] . Thus, the growing need for sperm cryopreservation demands the development of a safe cryopreservation media to enhance the sperm structural and functional integrity.
Cryoprotectants are low molecular weight and highly permeable chemicals used to protect spermatozoa from freeze damage by ice crystallization by decreasing the freezing temperature of the samples [47] . The most commonly used cryoprotectants are glycerol, ethylene glycol, dimethyl sulfoxide (DMSO), and 1,2-propanediol. Cryopreservation media with the addition of cholesterol has shown to improve sperm membrane hydrophobicity and integrity leading to decreased osmotic stress [48] . Glycerol is most widely used for human sperm cryopreservation due to its ability to stabilize the lipid bilayer and membrane surface proteins. Glycerol, however, can lead to damage of acrosomal internal membrane and structure [49] . It can also lead to structural changes in cell membrane, nuclear disorganization of mitochondrial structure. In addition, egg yolk and bovine serum albumin (BSA) are regular components of cryopreservation media and allow resistance to hypoosmotic shock [50] . BSA increases sperm motility and longevity after long-term cryopreservation in low temperatures [51, 52] . However, BSA and egg yolk do carry the risk of infection with the cryopreserved sperm.
A reproducible sperm cryopreservation NM was developed using no animal components, and its cryopreservation capabilities were analyzed as compared to the control TYM that contains animal products such as BSA and egg yolk. The NM was evaluated against the control media containing animal components specifically to show the difference in sperm function when this isolated parameter is changed between media. The maintenance of sperm motility is important for IUI, IVF, or assisted reproduction. NM provided a motility recovery comparable to that of the TYM. It was found that the conventional sperm markers such as the amount of motile sperm per milliliter were comparable or higher with NM. As the samples were thawed, the motility and concentrations of sperm declined (Fig. 2) . This was further observed in the post gradient phase. However, in both short-term and long-term exposure to media, recovery of motility was observed indicating that the sperm motility and hence potential for fertility was maintained both short and long term. In addition, sperm motility in NM was comparable to TYM specifically in the post gradient motility in both short-and long-term studies. This suggests that the long-term sperm recovery and motility are preserved in NM at the same rate as TYM, despite the intermediate decline in motility post thaw. Thus, the NM is comparable in preserving sperm function with the conventional yolk media without the potential for infection.
The NM was also effective in preserving sperm HA binding, which reflects the zona pellucida binding capacity of sperm. The HA binding score is a marker of actual zona binding and morphology of sperm. This is an important marker of sperm function as it is necessary component for adequate fertilization. The HA score of sperm preserved in NM was higher since the underdeveloped sperm did not survive the process of cryopreservation/thawing and therefore, DNA integrity and apoptosis remained improved. This form of evaluation of sperm function with a xeno-free media has not been performed previously. The HA score is an important functional marker that is regularly used in sperm banks for sperm testing. The patient population, for example those anticipating chemoand radiation therapy for testicular or other cancers specifically requiring storage of sperm, has an improved chance of fertility in the future without the potential for infections.
In addition, we were able to demonstrate that the semen markers such as sperm morphology, sperm cytoplasmic retention (CK immunohistochemistry), and chromatin maturity (aniline blue staining of persistent histones) were improved with NM media compared to total egg yolk media (TYM). Chromatin maturity affects DNA folding since persistent histones arrest the histone intermediate protamine development leading to inadequate DNA folding and increased vulnerability to DNA degradation. When analyzing sperm samples using CK immunohistochemistry and aniline blue staining, there was no difference between the NM and TYM in preserving the normally developed light stained spermatozoa. The dark staining spermatozoa with persistent histones indicates an arrest in the histone-transition sequence. The dark stained sperm representing a lack of maturation showed a limited survival post-cryopreservation process (Figs. 4 and 5) . The proportion of light staining sperm increased in both freezing media compared to the pre-cryopreservation values in both CK immunohistochemistry and aniline blue staining experiments. This may be because of the degradation of the immature or developmentally arrested sperm cells during the freeze\thaw process leaving behind only the mature sperm. Moreover, the dark sperm cells decreased post the addition of both media types, possibly due to the higher sensitivity of the immature sperm cells to the freeze\thaw process, making them unable to survive the harsh cryopreservation process.
Furthermore, both apoptosis and sperm integrity remained improved and comparable between media, as sperm nuclear analysis was conducted via caspase 3 immunohistochemistry. The proportion of dark staining sperm represents the spermatozoa with ongoing apoptotic process. The data showed that apoptosis was not substantially increased in the cryopreserved and thawed sperm in either media type. In addition, the most important biochemical marker in terms of paternal contribution and support of the embryo is sperm DNA integrity. Also, potential infections harbored in TYM may further damage the spermatic DNA integrity. In our study, a decline in DNA integrity was observed post thawing, as expected. This decline, however, was comparable between the NM and TYM in both the short-term and long-term studies (Fig. 8) . Both cancer treatment as well as cancer itself can affect spermatogenesis via autoimmune, endocrine, or systemic effects [53] . Thus, a media that maintains adequate sperm integrity and apoptotic process is essential for cryopreservation.
It can be concluded from the data that the new media was able to comparably maintain sperm morphology and function as media containing animal products does. Sperm motility, concentration, and biological markers that highlight sperm function illustrated similar results between the yolk media and new media. We conclude that the TYM is comparable to NM in all biological parameters and furthermore the NM is advantageous due to a lack of the animal components and infective agents. The most significant markers of sperm function and genetic stability are sperm motility, sperm DNA integrity, and hyaluronic acid binding ability of the sperm. The data shows that these important aspects of the sperm function are comparable between the NM and TYM. Thus, NM can be safely replace to yolk media in sperm cryopreservation and additionally have the advantage of being free of animal products.
Conclusion
In summary, this study shows that in addition to preservation of sperm motility and improvement of sperm DNA integrity, the NM media is also free of any animal components thereby minimizing any adverse effects. Regarding attributes important for sperm paternal fertility contribution to the embryo, the sperm cryopreservation in NM or in TYM exhibited comparable preservation of the normally developed sperm fraction by measures of sperm motility, sperm concentration, chromatin structure, excess cytoplasm, apoptotic process, and most importantly, DNA chain integrity. Thus, the NM has the advantage of being xeno-free, yet in preservation of all sperm motility and other attributes the NM is as effective as the TYM.
